The platinum-group elements are rhodium, ruthenium, palladium, osmium, iridium, and platinum. Together with rhenium and gold they form the highly siderophilic ("iron-loving") elements. These are poorly known with respect to toxicity and ecotoxicity.
Thresholds for ecological effects found in the literature were divided by the element's mean soil concentration and plotted against group and period in the periodic system. Thresholds for health effects were correspondingly divided by the mean dietary intake of the element over large population groups.
For health effects, an upper limit of intake is commonly used. This was shown to be about 4 times the mean normal intake for most period 4 elements. For other periods, occupational exposure thresholds entail upper limits of intake in µg/day of: Ru 18, Rh 8, Pd 17, Re 60, Os 15, Ir 4, Pt 20 and Au 160.
For ecological effects, the no effect thresholds for period 4 were 1-5 times the soil concentrations. Very scarce data suggest higher relative thresholds for periods 5 and 6.
The current high contaminations of European soil by Rh and possibly Pd may be of concern. Since the estimates of risks are uncertain, further research is warranted.
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Emerging Contaminants with Little Toxicity Information

Platinum Group Elements Exposures Have Multiplied in Recent Decades
The platinum-group elements (PGEs) are rhodium, ruthenium, palladium, osmium, iridium, and platinum. These form the group of noble metals together with, rhenium, gold, copper, silver, and mercury. The health and environmental properties of the latter three are comparatively well known. In contrast, properties of the former eight elements are poorly known with respect to toxicity and ecotoxicity. This is to a large extent due to their extremely low concentrations in nature; for instance, the soil concentrations of all these elements are less than one-third of that of the next lowest concentration element (tellurium). The eight elements are highly siderophilic ("iron-loving") (Day, Brandon &Walker, 2016) . In addition, molybdenum was included among the siderophile elements in the original Goldschmidt classification (Goldschmidt, 1937) although its classification has been disputed and its concentration in soil is more than 200 times higher than that of the other siderophiles. Further, sometimes neighboring elements such as cobalt, nickel, silver and tungsten are called siderophile. The purpose of the current review is to suggest plausible ranges for the no effect thresholds of the eight highly siderophile elements.
Over the last half century, the world production of platinum group elements has increased more than tenfold (Zientek, Loferski, Parks, Schulte, & Seal, 2017) . They have excellent properties i.a. with respect to catalytic action, wear, and chemical attack and are widely used in industry. In industrial processes they are for instance used to manufacture nitric oxide, specialty silicones or refined oil products. Major uses concern catalysts to decrease automobile exhaust emissions. Jewelry and investment metals are other examples of uses (Zientek et. al., 2017) . The PGEs are among the technology-critical elements that are of great relevance in the development of emerging key technologies (Cobelo-Garcia et. al., 2015) . Rhenium has similar properties but more limited uses and production volumes (John, Seal, & Polyak, 2017) . Gold also has similar properties but has a longer history of use. It is the most produced element in the group but still production for its wide array of uses has about triplicated over the last half century (United States Geological Survey [USGS], 2018).
The mobilisation by man of the eight metals is about 100 times to 1 million times the natural mobilization (United Nations Environment Programme [UNEP], 2013) . It is therefore to be expected that their environmental levels today should be enhanced over the natural ones. Indeed, it has been estimated that in Europe, mean soil concentrations have been more than doubled for gold, rhenium and rhodium (Bengtsson, 2018) . This entails that soil concentrations in large areas have increased more than ten-fold.
Little Information Exists on Toxcicity and Ecotoxicity
The consequences for environment and health of such increases are difficult to assess. A typical statement by assessors reads: "Broader human health effects of PGEs appear to be limited because of the low concentrations of PGEs in the environment" (Zientek et. al., 2017) ; those authors do not even address ecological thresholds for the elements under their heading "Ecological Health Concerns". A recent review summarizes "No information is available for rhenium and its toxic effects on humans, partly (presumably) because of its low natural abundance" (John et. al., 2017) , and a parallel statement is made for toxic effects on aquatic or terrestrial ecosystems. For gold, there has been an increased study of gold nanoparticles (Moreno-Garridon, Pérez, & Blasco, 2015; Yah, 2013; Fratoddi, Venditti, Carnetti, & Russo, 2014; Avellan et. al., 2018; Weaver et. al., 2017) including transgenerational effects by maternal exposure (Kim, Kwak, & An, 2013) . Rarely, also ionic gold has been included (Botha, James, & Wepener, 2015) . A European Food Safety Authority [EFSA] ANS Panel (2016) noted the absence of toxicological data on gold used as a food additive and considered the data to be too limited to perform a risk assessment for the additive. Similarly, lack of data for effects of pharmaceutical impurities prompted the application of very high safety margins in setting permitted daily exposures for gold (International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use [ICH], 2014).
Exploring the Possibility to Extrapolate across the Periodic System of Elements
Some of the highly siderophilic elements are thus mobilized to an extremely large extent compared to natural mobilization. Several of them are likely to already exhibit enhancements of mean European soil levels that are higher than enhancements of any other elements. At the same time, very little information exits on the consequences of these enhancements for health and the environment. The combination of high exposures and little knowledge of consequences begs innovative approaches to estimate thresholds for health and environmental effects.
Parameters of the Periodic System
One possibility derives from the systematics of the periodic system of elements. For instance, the transfer factor from soil to human intake of elements [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) follows a power function of the atomic number or of the geometrical mean of the first three ionization energies, with a coefficient of determination in the range 0.93 -0.96 (Bengtsson, 2018) . This function has a steep discontinuity between groups 7 and 8 (Mn and Fe). The iron connection is interesting since the highly siderophilic elements dissolve readily in iron and are depleted in the upper continental crust since they have tended to sink into the earth's core (Day et. al., 2016) . The discontinuity elements mark the starting group numbers of the highly siderophilic elements (Ru in period 5, Re in period 6). The Mn-Fe discontinuity might thus be expected to have parallels for thresholds near Ru and Re in the periodic system. Parameters beyond atomic number and ionization energy that have proved useful to describe biological effects include for instance electronegativity and the ratio atomic radius/atomic weight (Qie et. al., 2017) . For human health effects, complex stability constants, electrochemical potential, and covalent index were useful in predicting effect doses (Wang et. al., 2018) .
Reference to Natural Exposures
Another possibility of extrapolation derives from the known adaptation of organisms to natural concentrations of elements in the environment. Microorganisms are masters of adaptation and have many mechanisms by which they can become resistant to stressors such as metals (e.g. Gaze et. al., 2013; Brooks, Turkarslan, Beer, Fang, & Baliga, 2011) . Significant correlation has indeed been found between antibiotic resistance genes and soil metal concentrations (Knapp et. al., 2011 , Knapp et. al., 2017 . Many effects have been correlated with freshwater and soil concentrations of natural elements (Walker, Enache, & Dearden, 2003) . The significance of adaptation has been discussed in the concept of metalloregion (Fairbrother & McLaughlin, 2002) , according to which soil organisms may adapt to their natural surrounding leading to a shift in the levels at which the soil is affected. It has also been recommended that future design of toxicology experiments should attempt to incorporate the dosage rate or the dietary influx rate to facilitate inter-comparison of the results of different studies (Wang, 2013) . It is thus a natural hypothesis to assume that thresholds for health and environmental effects would be closely related to the natural exposures of the elements.
Hypothesis: Periodic System and Natural Exposures might Enable Extrapolation to Siderophiles
These two possibilities combined (atomic parameters and natural exposures) invite the hypothesis that thresholds for effects of siderophile elements might be obtained from the trends of thresholds across the periodic system arranged by the system's groups and periods. References to natural exposures might be useful. Discontinuities might be expected at the groups where the siderophile elements begin (group 7) and end (group 11). Other parameters such as ionization energies or electron affinity might possibly assist in refining the trends.
Objective and Scope
The objective of the current work is thus to  look for parameters that describe trends of thresholds for health and environmental effects across the periodic system of elements  that might entail credible estimates of thresholds for highly siderophilic elements  which would enable a preliminary assessment of the consequences of high environmental levels of those elements.
In this search, elements that are likely to deviate from the general trends should be deselected, such as non-stable elements or noble gases.
Method
To meet the objective, eligible elements should be selected. Natural concentrations of these elements should be defined. Measures of exposures should be discussed, for instance soil and sediment concentrations or amounts of daily intake. Data on toxicity and ecotoxicity thresholds should be selected. Parameters of the periodic system that might help establish trends in these data should be explored. Several approaches for estimating thresholds for siderophile elements should be compared. The methods for selection and analysis are detailed in the following. The selected data are presented in table 1.
Selection of Elements
Several elements or groups in the periodic system are expected to have quite different properties making extrapolation to the siderophile elements difficult and are deselected  Elements in groups 1-3 and 15-18 are more than 3 groups away from elements in the siderophile groups 7-11  Of elements in the remaining groups 4-14, technetium is radioactive and radiation effect might confound other biological effects  Group 13 elements (Ga, In, Tl) break the trend of first ionization energies increasing with atomic number. Neither does the third ionization energy follow the trend of the transition metals.  Since group 13 elements are deselected, elements in group 14 (Ge, Sn, Pb) have a gap to lower group elements in the same period that renders extrapolation more uncertain.
This deselection leaves for further study the transition metals except the extended rare earths in group 3 and technetium. These transition metals can have similar physicochemical properties and mechanisms of toxicity since they are similar in electronic structures (Walker et al., 2003) .
Availability of Suitable Data
For extrapolation of data to be meaningful, it should start from a set of element data that has been derived in a coherent way, preferably under the scrutiny of many different scientists. For the current analysis, therefore, isolated data derived from databases of exposures or toxicological and ecotoxicological effects would be avoided.
It would also be preferable to have available data for at least two elements from groups below the highly siderophile elements groups, that is, at group 6 or below, and two groups above, that is, at groups 11 or 12 or above. With the deselection of group 13 elements, this criterion cannot be met for gold in period 6.
Data on exposures such as concentrations in soil or water or daily intakes can be found for almost all elements of interest. More elements have been evaluated for human occupational exposures, including many elements in periods 5 and 6, albeit for some elements not by broad assessor groups.
Natural Exposures to the Selected Elements
Mean Soil Concentrations
The mean soil concentrations of Europe (Forum of European Geological Surveys [FOREGS], 2005) have been the basis for soil concentrations. They have been supplemented to cover all selected elements as described by Bengtsson (2018) . Anthropogenic components have been subtracted. Cu 2 Diss. conc. = Dissolved element concentration; Geom/diet=geometrical mean of upper limits of intake for NAS, EFSA and ICH divided by mean dietary intake; Threshold/intake=Occupational threshold converted to daily intake divided by mean daily intake *Interpolated **For Ta 73 One-half of the detection limit
Mean Human Dietary Intakes
The mean daily human dietary intakes over large population groups refer to the mean of adult male and female intakes in Europe although data from outside Europe were also used in their derivation. They pertain to intakes from natural sources, so anthropogenic sources have been corrected for. The methods are described in detail in Bengtsson, 2018 , and the data sources are given in the Appendix of Bengtsson, 2018 .
Selection of Data on Toxicity and Ecotoxicity Thresholds
In general, the interest is in thresholds for effects rather than various kinds of established effects. Exceptionally, non-threshold studies could be included where many elements have been investigated by coherent methods, including the siderophile elements themselves. This might give clues to the extrapolation from non-siderophile elements. Only one corresponding research paper has been located. This concerns the half maximal effective concentration (EC50) for immobilization in Daphnia magna (Okamoto, Yamamuro, &Tatarazako, 2014 In addition, they quoted result for 6 elements obtained by Biesinger & Christensen, 1972 . No results were given for Ru and Pd, for which a physical effect was noted that did not enable assessment of the biological effect.
A single species effect would be expected to vary strongly with for instance test conditions and across elements. In recognition of this, a species sensitivity distribution is often used. The minimum size of the data set that can be employed for analyses of such distributions is disputed but a pragmatic choice in the Netherlands has been to use a minimum number of four species for deriving environmental quality criteria (Aldenberg & Slob, 1993) .
Because of the paucity of data, species sensitivity distributions could not be used in the current assessment. To reduce the variability, two approaches were employed. The first approach was to normalize the values of EC50 to the corresponding soil concentrations on the hypothesis that effects on Daphnia were conditional to the natural water concentrations that would be approximately proportional to the soil concentrations. The enhancements in elements of groups 4-12 for periods 5 and 6 over period 4 were calculated and the geometric mean enhancements for periods 5 and 6 were derived. The resulting geomean enhancements were plotted against group number.
The second approach was to compare the D. magna results with those from other test conditions. Data for two other test cases (D. magna (hardness 240 mg/L) and C. subglobosa) from three other publications were listed by Okamoto et. al., 2014 . These EC50 values were normalised to soil concentrations and averaged over periods 5 and 6, and the geometrical means of the result for the two test conditions was derived.
To give a perspective on threshold effects for period 4 elements, the EC50 concentrations for D. magna were compared with the dissolved element concentrations in world rivers obtained by Martin & Whitfield, 1983 , as presented by Smith & Huyck, 1999 . The EC50 concentrations were divided by 100 to give the approximate no effect concentrations ; May et. al., 2016 , have suggested that an acute-to-chronic extrapolation factor of 100 is protective for more than 90 % of the chemicals they studied. The quantity EC50*0.01/(dissolved concentration) was entered in the same diagram as the period 5 and 6 to period 4 ratios. Further, exposure to contaminants of medical drugs has been considered in depth. A list of human Permitted Daily Exposures including those of many siderophile elements has been compiled (ICH, 2014). The thresholds selected have for less studied elements been derived using very large safety margins (up to 100 000 times) for extrapolations from uncertain data. It was still hoped that the data would assist in forming hypotheses about thresholds for human exposures. For period 4 elements, the effects were reasonably well known, and safety margins were less applied. A permitted daily exposure has been set for CrIII and this was the only found source for Cr.
Soil Thresholds
The data for oral exposure divided by the mean dietary intakes over large population groups were used to define the baseline for period 4 elements. The geometrical mean of the upper limits of EFSA, the Institute of Medicine, Food and Nutrition Board, and the mentioned oral intake data of ICH (2014), was identified. When two or more intakes were available, the range of the values was 0.2-5 times the geometrical mean. The upper limit divided by the mean dietary intake averaged across elements in groups 7-12 was 3.81 with a standard deviation of 0.78. Since the range was so narrow, a default value of 3.81 was selected as the baseline for groups 7-12. For the groups 4-6, the geometrical means divided by mean dietary intakes were selected as baseline (Ti: 200; V: 28.3; Cr: 220)
Human Toxicity Occupational Exposures Periods 5 and 6
Comprehensive tables of time weighted average threshold limit values for occupational exposures are available for several countries or states. No data were found for Ru, Re and Ir. For Au, the geometric mean of the entries for the neighboring Pt and Hg was used.
The entries pertaining to soluble metals were chosen when available, else the entries for insoluble compounds, metals or dust were selected. Special compounds mostly had thresholds within a factor of 10 from the chosen value. For chromium the only found baseline value for period 4 concerned CrIII (section 2.3.3) and the corresponding occupational limit was selected for the normalization of occupational exposures against the baseline values.
The median of the permitted exposures for inhalation is 1 % of that for oral exposure (ICH, 2014) . The just mentioned entries are corrected to correspond to oral intakes using the ratio of oral to inhalation threshold intakes of ICH, 2014, interpolated as given in table 1.
The threshold values in mg/m 3 were converted to mean daily intakes over a year by multiplication with 10 (m 3 inhaled per day) * 1000 (µg/mg) * 220 (working days per year) / 365 (total days in a year).
The estimated daily threshold intakes corrected to represent oral exposures were divided by the mean daily intakes over large populations (section 2.2.2). Across elements in period 4, the geometrical mean of this ratio threshold/intake was 0.51 times that of the tolerable upper limit of intakes for adults in the general population, and the ratio had a range of 0.09 -0.79 of the upper limits. For the current purpose of extrapolation to siderophile elements, the occupational thresholds for periods 5 and 6 were normalized to correspond to the baseline upper limits of period 4. Those period 5 and 6 thresholds were multiplied by the ratio of baseline upper limits of period 4 and occupational thresholds of period 4. The results are also entered in table 1.
Proportionality Check of the Extrapolation for Periods 5 and 6 Using Permitted Human Exposures from Pharmaceticals
As mentioned in section 2.3.3, permitted human exposures to many siderophile elements have been assessed (ICH, 2014) , often with very large safety margins. The exposure for Cr was not used; it was based on CrIII while the occupational exposure limit selected was based on the 100 times more hazardous CrVI. Even though the impurity relevant values are very uncertain and expected to err on the side of safety, they might give some perspective to the extrapolation which is mainly based on occupational exposures (section 2.3.4). The permitted exposures for elements in periods 5 and 6 were divided by the mean dietary intakes.
Results
Daphnia EC50
Data from exposures of aquatic organisms are given in figure 1. Figure 3 also contains data for periods 5 and 6 that were derived on the basis of impurities limitations. They should be much less certain than the data derived using occupational exposures, considering the extensive use of safety margins that would lead to erring on the side of safety. However, in many cases the thresholds are higher rather than lower than those from occupational exposures which is puzzling. But in common with the occupational ones, the thresholds from the impurity assessment decrease exponentially with group number and are consistently higher for period 6 as compared with period 5, in this case by a factor of about 10-30. The impurities data can serve to give some added confidence to the occupational data but may also raise a warning flag that uncertainties in the occupational data may be higher than expected.
Discussion
Section 3 (Results) shows that it has been possible to find parameters that describe credible trends of thresholds for health and environmental effects of transition metals across the periodic system of elements. The chosen representation has been that of thresholds as a function of groups and periods, divided by a measure of normal exposure. Such trends could only be found for the transition metals and uncertainties were large for groups number 4, 5 and 6. The trends have enabled a preliminary assessment of the consequences of high environmental levels of the siderophile elements. The trends and the assessment are discussed in the following. Very scanty similar information has been found in other scientific publications. Therefore, it is essential that the tentative conclusions are scrutinized in further research.
Thresholds across the Transition Metals
Three sets of data have been derived pertaining to respectively D. magna EC50, thresholds for soil organisms, and upper limits of intake for human exposures. In all cases for elements in groups 7-11, relatively smooth curves were obtained of thresholds as a function of element group number and period, if the threshold were normalized to a measure of natural exposure. That measure was:
 element soil concentration for D. magna, as a proxy for natural water concentrations  element soil concentration for soil living organisms  mean daily element intake for human adult exposures.
In all cases, the variation is largest for groups 4-6 while the trends are more coherent for groups 7-11. This is favorable for the extrapolation to the highly siderophile elements in groups 7-11.
There is also a tendency that for elements in the same periodic system group, the normalized thresholds are highest for period 6, lower for period 5 and lowest for period 4. This applies particularly to groups 7-11. The difference between two adjacent periods is about  for soil organisms, a factor of 4  for limits of intake, a factor of 12 for period 6 relative to period 5  for limits of intake, a factor of 6 for period 5 relative to period 4.
For D.magna the differences are larger but since only one species is involved, the difference varies and carries less weight. For the worm species discussed in section 3.2. there is also a weak indication that soil organisms might be less sensitive to Rh, Rd and Pt than to period 4 elements.
The upper limits of intake (µg/day, as opposed to the dimensionless normalized limits of intake) are nearly the same for elements in the same group in periods 5 and 6. The ratio is 0.8 with a range from 0.3 to 1.3. This is a quite narrow range considering that the differences between elements in the same period range up to a factor of 65.
Judging by the rather smooth curves in figure 3 , the uncertainties of the extrapolation resulting in table 2 should be relatively small. Bengtsson, 2018 , estimated that mean dietary intakes should be accurate to within a factor of 3 in most cases, and such an uncertainty might not be inconsistent with the results in table 2. A factor of 3 also envelopes well the variation in the threshold/soil concentration for period 4 elements in figure 2. It can also be noted that the geometrical mean of the ratio (occupational threshold)/ (limit of intake for adults in the general population) was 0.51 (section 2.3.4), suggesting that the thresholds discussed for human intakes may not be grossly wrong. However, the unexplained differences to the results from the assessment of impurities data may suggest that the uncertainties are larger.
Consequences for the Assessment of Large Exposures to Highly Siderophilic Elements
Bengtsson (2018), has pointed to the possibility that European soils may on average be enhanced by siderophile elements by a factor of up to 5 (Rh 4.2 times; Re 3; Pd, Au, Pt, Ru all more than 0.5).He also noted that large areas would then be exposed to 10 times the mean, thus 5 to 42 times for the mentioned elements. However, he made only very rudimentary assessments of the implications for soils and humans of such enhancements.
4.2.1 Period 6 Elements Re, Os, Ir, Pt, Au
The above analysis suggests that for period 6 elements (Re, Os, Ir, Pt, Au), upper limits of intake are more than 110 times higher than the normal dietary intakes. This seems to be an adequate margin to health effects of the current enhancements in European soils for these elements.
For soil organisms, little information has been found, but the WHO information of figure 2 suggest that the Pt threshold is at least 600 times higher than the natural concentration. This gap would seem to give an adequate safety margin for the mentioned mean European soil concentrations.
Period 5 Elements Ru, Rh, Pd
In contrast, the normalized upper limits of intake are much lower for period 5 elements (Ru, Rh, Pd). In the case of Rh, large areas might entail intakes at 42 times the natural ones. This is almost 3 times higher than the upper limit of intake of 15 in table 2. Priority should thus be given to exploring further the consequences of enhanced exposures to Rh and possibly also to Pd. Such exploration should include assessment of the soil thresholds.
Conclusions
The current work suggests that highly siderophile elements entail much higher thresholds than other transition metals for effects on soil organisms and humans. The thresholds analyzed for period 4 elements are lower than those for elements in the corresponding group in period 5, which are in turn lower than those for period 6 elements. The analyzed thresholds in periods 5 and 6 decrease strongly and relatively monotonously with group number between groups 7 and 12, but still there may remain up to a factor of 10 difference for group 12 elements (Cd and Hg in relation to Zn).
The suggested decrease in sensitivity for siderophile elements may imply that for most elements, the present high enhancements of some highly siderophile elements in European soils are not of major concern. For rhodium and possibly palladium, however, the current levels of contamination might lead to effects on soil organisms and human health in limited areas with particularly high metal concentrations.
